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Cone-Rod Dystrophy Due to Mutations in a Novel
Photoreceptor-Specific Homeobox Gene (CRX)
Essential for Maintenance of the Photoreceptor
negative effect and demonstrate that CRX is essential
for the maintenance of mammalian photoreceptors.
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Lap-Chee Tsui,2,4 Aphrodite Loutradis-Anagnostou,7 Forty-five genetic loci for isolated (i.e., nonsyndromic)
Samuel G. Jacobson,9 Constance L. Cepko,6 inherited retinal degenerations have been mapped in
Shomi S. Bhattacharya,5,12 humans, but the molecular genetic basis of only 12 of
and Roderick R. McInnes1,2,3,4,10,12 these disorders has been determined (Bird, 1995; Dryja
1Program in Developmental Biology and Li, 1995; RetNet Web site). Mutations in 7 of these
2Department of Genetics 12 genes lead to the clinical phenotype termed retinitis
3Department of Pediatrics pigmentosa (RP). RP affects both rod and cone photore-
The Research Institute ceptor function throughout the retina and leads to grad-
Hospital for Sick Children ual loss of peripheral before central vision (Berson,
Toronto, Ontario M5G 1X8, Canada 1996). All but one of the seven known RP genes, as
4Department of Molecular and Medical Genetics well as the genes associated with Leber's congenital
University of Toronto amaurosis (Perrault et al., 1996) and Stargardt's disease
Toronto, Ontario M5S 1A8, Canada (Allikmets et al., 1997a), encode proteins of the photore-
5Department of Molecular Genetics ceptor outer segment. These proteins are required for
Institute of Ophthalmology University College phototransduction or outer segment structure, or are of
London EC1V 9EL, United Kingdom uncertain function.
6Department of Genetics Cone-rod dystrophy (CRD) is a second clinical cate-
and Howard Hughes Medical Institute gory of inherited retinal degeneration affecting both
Harvard Medical School cone and rod function throughout the retina. CRD differs
Boston, Massachusetts 02115 from RP in that central visual loss is usually the earlier
7Unit of Prenatal Diagnosis manifestation, and as the disease progresses, periph-
Center for Thalassemia eral function is also lost (Yagasaki and Jacobson, 1989;
Sevastoupoleos Street Szylyk et al., 1993; Evans et al., 1995). Autosomal domi-
Athens Gr-11526, Greece nant, autosomal recessive, and X-linked forms of CRD
8Department of Pathology have been reported (Bird, 1995). The autosomal domi-
Queen's University nant form of CRD manifests substantial locus heteroge-
Kingston ON K7L 3N6, Canada neity. Four loci have been assigned to date (Warburg et
9Scheie Eye Institute al., 1991; Klystra and Aylsworth, 1993; Balciuniene et
University of Pennsylvania al., 1995; Kelsell et al., 1997), including one at 19q13
Philadelphia, Pennsylvania 19104 (Evans et al., 1994; Gregory et al., 1994), but none of
the genes at these loci have previously been identified.
A key step in understanding eye development, as wellSummary
as the molecular basis of inherited eye abnormalities in
humans, is to identify the entire cohort of transcriptionGenes associated with inherited retinal degeneration
factors required for eye morphogenesis and differentia-have been found to encode proteins required for pho-
tion. At least three paired or paired-like homeobox genestotransduction, metabolism, or structural support of
have been shown to be required for mammalian eyephotoreceptors. Here we show that mutations in a
development, including Pax6 (Freund et al.,1996), Chx10novel photoreceptor-specific homeodomain transcrip-
(Liu et al., 1994; Burmeister et al., 1996), and Rax (Rx)tion factor gene (CRX) cause an autosomal dominant
(Furukawa et al., 1997a; Mathers et al., 1997). To identifyform of cone-rod dystrophy (adCRD) at the CORD2
additional paired-like homeobox genes required in thelocus on chromosome 19q13. In affected members of
retina, we screened a human retinal cDNA library at lowa CORD2-linked family, the highly conserved glutamic
stringency with a CHX10 probe and identified CRX, anacid at the first position of the recognition helix is
OTX-like homeobox gene that maps within the 19q13.3replaced by alanine (E80A). In another CRD family, a
interval containing the CORD2 locus; an alternative1 bp deletion (E168 [D1 bp]) within a novel sequence,
strategy led to the identification of the mouse Crx genethe WSP motif, predicts truncation of the C-terminal
(Furukawa et al., 1997b). CRX was a strong candidate132 residues of CRX. Mutations in the CRX gene cause
gene for the autosomal dominant form of CRD at 19q13,adCRD either by haploinsufficiency or by a dominant
not only because it mapped within the genetic interval
containing the CORD2 locus, but also because it is ex-
10 Present address: Department of Genetics, Research Institute, pressed only in photoreceptors (below), activates the
Hospital for Sick Children, 555 University Ave., Toronto, Ontario
transcription of photoreceptor-specific genes, and in aM5G1X8, Canada.
dominant-negative form blocks photoreceptor morpho-11 These authors contributed equally to this work.
12 To whom correspondence should be addressed. genesis (Furukawa et al., 1997b).
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Figure 1. The Deduced CRX Amino Acid Sequence
The human CRX cDNA nucleotide sequence (numbers at left) and the derived CRX amino acid sequence (numbers at right) are shown. The
cDNA encodes a single long ORF presented below the nucleotide sequence. The homeodomain (HD) is underlined, a conserved 13±amino
acid sequence, the WSP motif, is double-underlined, and the OTX tail is triple-underlined. The 1.4 kb size of the cDNA shown is smaller than
the retinal mRNA (z4.5 kb) on RNA blots (Figure 4A), indicating that an additional untranslated sequence is yet to be isolated. Arrow heads
indicate exon boundaries. The 10 amino acids different in mouse are shown in the line below the human sequence. Mutations identified in
patients with adCRD are indicated in bold above the nucleotide sequence.
We searched for mutations in the CRX gene in a family expression is restricted to photoreceptors in the adult
human (see below) and mouse (Furukawa et al., 1997b).with an autosomaldominant form of CRD (adCRD) linked
to the CORD2 locus (Papaioannou et al., 1997) and in Additional clones were used to determine the complete
ORF (Figure 1). Two adjacent in-frame ATG codons atother CRD patients and families on whom linkage analy-
sis had not been performed. The identification of CRX the 59 end of the ORF (ATCATGATG and ATGATGGCG)
conform well to the Kozak consensus for translationmutations in CRD has important implications for the
understanding of photoreceptor development and sur- initiation (Kozak, 1987); the first in-frame ATG is consid-
ered here to be the initiation codon.vival and for the genetics of inherited retinal degener-
ation.
CRX Is Related to OTX1 and OTX2
The CRX ORF encodes a 299±amino acid protein withResults
a predicted mass of 32 kDa. The human CRX protein is
97% identical to the mouse ortholog (Furukawa et al.,Molecular Cloning of CRX, a Conserved
Photoreceptor-Specific cDNA 1997b); only 10 residues differ between the two proteins,
and all these changes are conservative (Figure 1). CRXTo identify novel retinal homeobox genes, we screened
a human lgt10 retinal cDNA library at low stringency is most similar to the human OTX1 and OTX2 homeodo-
main proteins (Simeone et al., 1993), with 40% and 44%using a fragment of the human CHX10 cDNA, which
included the homeobox and the CVC domain (Burmei- overall identity, respectively. The overall identity be-
tween CRX and the Drosophila orthodenticle (OTD) ho-ster et al., 1996). One of the isolated cDNAs encoded a
novel homeobox gene, CRX, so designated because its meodomain protein (Finkelstein et al., 1990) is only 19%.
Mutations in the CRX Homeobox Gene Cause Cone-Rod Dystrophy
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Figure 2. Comparison of Conserved Se-
quences of CRX and Related Proteins
Comparison of the homeodomains of close
relatives of CRX: OTX1 and OTX2 (Simeone
et al., 1993), OTD (Finkelstein et al., 1990),
NBPhox (Yokoyama et al., 1996), Rax (Furu-
kawa et al., 1997a), CHX10 (Liu et al., 1994),
and bcd (Frigerio et al., 1986). The alignments
of two other conserved domains found only
in OTX1, OTX2 and CRX, the WSP motif, and
the OTX tail are presented. Amino acids iden-
tical to CRX are indicated by a dot and the
helices of the homeodomain are shaded; per-
cent identities are listed on the right. Dashes
indicate gaps introduced for alignment of the
OTX tails.
The CRX homeodomain, like those of OTX1 and OTX2, residues between positions 158±170 (ATVSIWSPASE
SP); seven of these amino acids, SIWSPAS, are 100%is located near the amino terminus (residues 39±99; Fig-
ure 1) and is 88%, 86%, and 85% identical to the homeo- conserved. The second motif, termed the OTX tail (Furu-
kawa et al., 1997b), is located in the C terminus of CRXdomains of human OTX1, OTX2, and OTD, respectively
(Figure 2). The CRX homeodomain belongs to the prd- (residues 284±295). CRX has one OTX tail motif, whereas
OTX1 and OTX2 each have two. Features of CRX foundlike class, being 55±75% identical to other homeodo-
mains of this type (Duboule, 1994). The presence of a in many transcription factors include a region with a
high percentage of serine and threonine (27%, 44 of 166lysine residue at position nine of the recognition helix
places CRX in the bicoid family of homeodomains (Du- in the C-terminal half) and an overall high frequency of
proline (13%, 40 of 299). CRX, like OTX1 and OTX2, hasboule, 1994), along with OTX1, OTX2, Ptx1/POTX (Gage
and Camper, 1997), and solurshin (Semina et al., 1996). a polyglutamine stretch (9 of 11 amino acids in CRX)
immediately following the homeodomain. The arginineInterestingly, the two homeodomains most similar to
that of CRX (apart from the OTX group) are NBPhox and lysine preceding the homeodomain in CRX, OTX1,
OTX2, and OTD are reminiscent of a nuclear targeting(Yokoyama et al., 1996), expressed in neuroblastoma
cells, and Rax (Furukawa et al., 1997a), which is retina- sequence (Dingwall and Laskey, 1991).
specific late in development (Figure 2).
The CRX Message Is Specifically and Abundantly
Expressed in the RetinaAdditional Sequences of Potential Functional
Significance in the CRX Protein The tissue specificity of CRX expression was examined
by RNA blot analyses using a CRX 39 probe (FigureThe overall identity between CRX and OTX1 or OTX2
outside the homeodomain is low (29% and 33%, respec- 3D). A specific and abundant transcript of z4.5 kb was
detected in retina but not in any other of 10 tissues ortively), but two conserved short amino acid sequences
are shared by these three proteins (Figures 1 and 2); cells examined (Figure 4A). A faint band of z3.0 kbÐalso
specifically expressed in the retinaÐmay represent an-interestingly, neither is found in OTD. The first sequence,
which we designate the WSP motif, is composed of 13 other mRNA species expressed from the CRX gene.
Figure 3. The CRX Gene and cDNA Structure
(A±C) The name, location, and direction of
primers used to generate PCR fragments are
shown (A) above the schematic (B) of the ge-
nomic organization of CRX and projected
onto the (C) CRX cDNA. Boxes represent ex-
ons (see scale bar); lines represent introns
(not to scale). Filled boxes indicate coding
regions: heavy diagonal lines show the loca-
tion of the homeobox, light gray the WSP mo-
tif, and light diagonal lines the OTX tail; the
open box indicates the 39UTR. The unknown
position of the 5' end of the transcribed se-
quence is represented by a broken line.
(D) Various probes used in this study are
aligned with the corresponding cDNA region.
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Figure 5. The CRX Gene Maps to 19q13.3 in the CORD2 Critical
Region
The physical position of CRX at chromosome 19q13.3. The position
of CRX within the context of the Lawrence Livermore National Labo-
ratory chromosome 19 map (Ashworth et al., 1995) was determined.
DNA markers are shown on the left, and YAC clones are represented
by black vertical lines. The CRX gene was located on YAC clone
829f9 only and not on clone 790a5 as would have been predicted
from marker content. This observation was not surprising, since
this region of the genome is underrepresented by YACs, and some
clones are known to be inherently unstable (Ashworth et al., 1995).
For the same reason, although YAC clones 786g4 and 751e6 did
not amplify with the CRX primers, they are not eliminated from the
CRX region, since they may contain small deletions. The results,
however, positioned CRX between markers D19S219 and D19S246,
which delineate the CORD2 locus on the genetic map.
Figure 4. CRX Is Specifically and Abundantly Expressed in Adult
Human Retina
cell hybrid, radiation hybrid (RH) mapping, and yeast
(A) The CRX transcript is detected only in retina. An RNA blot of
artificial chromosome (YAC) contig analysis. Initially, thecultured human fibroblasts (5 mg of total RNA) and human retina (2
CRX 59 probe (Figure 3D) was labeled, and in situ hybrid-mg poly A1) is shown on the left. Each lane of the right blot contains
2 mg poly A1 RNA. ization to BrdU-synchronized peripheral blood lympho-
(B) A human b-actin probe was used to control for RNA quality and cytes revealed a significant clustering of silver grains
relative abundance; heart and skeletal muscle have two forms, 1.8 on 19q. Analysis of the distribution of 400 grains showed
kb and 2.0 kb, respectively.
63 on 19q13.2±13.4, with a peak distribution at 19q13.3(C) In situ analysis of paraffin-embedded adult human retinal sec-
(p , 0.0001)(data not shown). To refine the localization,tions reveals a specific signal in the photoreceptor layer, which is
PCR primers (JH1 and JH2) from the 39UTR of CRX werelabeled with silver grains (red signal). The retinal cell layers are
indicated: GCL, ganglion cell layer; INL, inner nuclear layer; ONL, used to amplify the NIGMS somatic cell hybrid panel
outer nuclear layer; RPE, retinal pigment epithelium. (#2) and the GeneBridge 4 RH panel (Walter et al., 1994).
The results confirmed that the gene resided on chromo-
some 19q, z29.98 cR from marker RP L28 1, the mostThe identity of the specific cells of the adult retina
distal extant marker on the Whitehead Institute Genomethat express CRX was determined in human retinal sec-
Center framework RH map. The same primer set alsotions by in situ hybridization with an antisense riboprobe
identified CEPH megaYAC clone 829f9 (Chumakov et al.,(Figure 3D) encompassing the homeodomain and most
1995; Hudson et al., 1995). Since this YAC is containedof the C terminus of the protein. A specific strong signal
within the genomic interval flanked by D19S219 andwas obtained only in the photoreceptor layer (Figure 4C),
D19S246, markers known to flank the CORD2 locusindicating that the CRX gene is expressed exclusively
(Gregory et al., 1994), CRX was a positional candidatein photoreceptors and certainly in rod cells, the most
for the CORD2 disease gene (Figure 5).abundant type of photoreceptor. Cone cell expression
could not be examined by this method.
The Genomic Structure of CRX Is Similar
to OTX1 and OTX2CRX Maps to 19q13.3, a Region Containing
the CORD2 Locus We determined the exon±intron structure of the CRX
gene (Figure 3B) to facilitate detection of mutations inThe CRX gene was localized to chromosome 19q13.3
using a combination of in situ hybridization, somatic genomic DNA samples. Analysis of PAC and phage
Mutations in the CRX Homeobox Gene Cause Cone-Rod Dystrophy
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Table 1. CRX Exon±Intron Junction Sequences
Exon Length Acceptor Exon Sequence Donor
1 .100 bp (start) . . . CCCAA GTGAGTACAG
2 152 bp (Py)16/20CCAG GCGCC . . . TTCAG GTGGGGTGGT
3 11491 (Py)17/20CCAG GTTTG . . . (end)
clones revealed three CRX coding exons separated by alanine (E80A)(Figure 6C). The mutation abolishes rec-
ognition of both a DdeI restriction site (C/TNAG) and antwo introns of 1.2 kb and z3 kb, respectively. The introns
interrupt the coding sequence at precisely the same HinfI restriction site (G/ANTC). To determine whether
this allele cosegregated with CRD in this family, the J35/location as in the human OTX1 and OTX2 genes (Figures
1 and 3B). The exon±intron junction sequences are J34 exon 2 PCR product of 11 family members was
shown in Table 1.
Because expansion of polymorphic CAG repeat se-
quences is associated with premature neuronal cell
death in other regions of the central nervous system
(Kunzler et al., 1995), we examined 224 chromosomes
(20 CRD patients,92 controls) by PCR or direct sequenc-
ing and found that the 11-codon interrupted CAG repeat
of CRX was invariant in these patients and controls.
Thus, expansion of this repeat is unlikely to cause CRD.
Identification of CRX Mutations
in Patients with CRD
To determine whether mutations in the CRX gene cause
CRD, we examined the gene in the two adCRD families
whose pedigrees are shown in Figures 6 and 7, and in
a panel of four autosomal dominant, three autosomal
recessive, and 21 simplex or multiplex CRD probands.
We screened for gross deletions or rearrangements in
the CRX gene by hybridizing the CRX full probe (Figure
3D) to a Southern blot of genomic DNA digested with
EcoRI or SmaI; no abnormalities were detected in our
collection of patient samples. To detect substitutions or
small alterations within the three CRX exons or their
flanking intron sequences (z90 bp), we used single-
stranded gel electrophoresis to detect single-stranded
conformational polymorphisms (SSCP analysis) fol-
lowed by direct sequencing of fragments with aberrant
SSCP migration patterns.
A Missense Mutation in the Homeobox
of the CRX Gene of Family 1
Figure 6. A Homeodomain Mutation in the CRX Gene in Family 1
We first searched for mutations in Family 1 (Figure 6A), with adCRD
because linkage of CRD to the CORD2 locus was dem-
(A) The pedigree of Family 1 (squares, males;circles, females;closed
onstrated by genotyping six markers in the region; de- symbols, affected; open symbols, unaffected). An asterisk indicates
tails of the linkage mapping data are described else- individuals included in the mutation analysis. All living members
were examined by an ophthalmologist.where (Papaioannou et al., 1997). The highest lod score
(B) The A→C mutation removes a HinfI restriction site. All unaffected(2.71 at q 5 0.0) was obtained with marker locus
members show bands consistent with complete digestion of bothD19S412, which is within the critical interval for CORD2
normal alleles (229 bp and 85 bp). Affected members are heterozy-(Gregory et al., 1994). A lod score of 2 is generally ac-
gous for the mutant allele, which yields a 314 bp band.
cepted as sufficient (although not significant) evidence (C) Exon 2 sequence of an affected member of Family 1. The normal
for linkage of a disease to a previously known locus with sequence (left) is compared to the heterozygous presence of both
A and C at bp 239 within codon 80 in the mutant.a similar phenotype (Terwilliger and Ott, 1994). Addition-
(D) Alignment of the recognition helices of the wild-type CRX (upper)ally, linkage to the other known CRD loci on autosomes
and mutant CRX protein. A number sign indicates an amino acid17p, 17q, and 18q was excluded in this family (data not
known from crystal structure analysis of related homeodomains toshown). Two affected members of Family 1 (Figure 6A)
contact the sugar phosphate backbone. ªBº indicates a residue that
were shown by SSCP analysis to have a variant band is involved in specifying sequence recognition (Kissinger et al., 1990;
in exon 2. Directsequencing identified an A→C transver- Duboule, 1994; Wilson et al., 1995). The E80A mutation in Family 1
occurs in the first amino acid of the recognition helix (arrow).sion at codon 80, changing a glutamic acid residue to
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A Deletion Causes a Frameshift in the CRX
Gene of Family 2
The CRX gene of the two affected members of Family
2 (Figure 7A) displayed abnormal SSCP bands in exon
3. Direct sequencing revealed the deletion of the G nu-
cleotide at bp 502, within the glutamic acid codon at
residue 168 (E168 [D1 bp]). A consequent frameshift
in the 11th amino acid of the WSP motif leads to the
truncation of the 132 amino acids C-terminal to E168,
including the OTX tail, and theaddition of 18 other amino
acids (Figure 7C) to create a mutant CRX polypeptide
of 185 residues. The mutation was not present in the
unaffected member of Family 2. The E168 [D1 bp] muta-
tion is not a polymorphism or common variant because
it was not present in exon 3 of 562 chromosomes (130
normal individuals, 151 retinal disease patients) exam-
ined either by SSCP analysis or for the removal of an
exon 3 HinfI restriction site that results from the mutation
(data not shown).
Evidence in Favor of Association of adCRD
with CRX Mutations
From the family data, it is seen that the CRD phenotype
cosegregates with the CRX mutations and is completely
penetrant in each family. To evaluate the evidence in
favor of the hypothesis that the two mutations in the
CRX gene found in Families 1 and 2 are linked to the
CORD2 locus (specifically, that norecombination occurs
Figure 7. A Frameshift Mutation in the CRX Gene in Family 2 with between the two loci), compared to the hypothesis that
adCRD the disease and the two CRX mutations cosegregate
(A) The pedigree of Family 2 (squares, males;circles, females;closed with CRD in these families by chance (that is, that the
symbols, affected; open symbols, unaffected). The individuals two loci are unlinked), we considered that the CRX gene
whose CRX genes were examined in this study by SSCP analysis was comprised of one normal and one mutant allele and
and direct sequencing are indicated with an asterisk.
added the lod scores for the two families. The maximum(B) A sequencing ladder showing the one nucleotide deletion in
lod score (at u 5 0.0) obtained for Family 1 was 2.71exon 3: the G at bp 502. The PCR products of the normal and mutant
and for Family 2 was 0.60, giving a combined lod scorealleles were subcloned prior to sequencing.
(C) The new C-terminal peptide resulting from the E168 [D1 bp] of 3.31. Therefore, the odds of no recombination be-
mutation (the arrow indicates residue 168) is aligned with the partial tween the two loci being compared to their being un-
normal sequence. The truncated mutant polypeptide replaces 185 linked are 2042:1.
amino acids with 18 amino acids.
Thus, the three kinds of evidence, that the two loci
are tightly linked, that the two mutationsare not common
variants in the population, and that the mutations identi-
digested with HinfI (Figure 6B). Normal alleles yielded fied are likely to disrupt the function of the CRX protein,
the expected two fragments in all unaffected individuals taken together strongly suggest that the CRX gene and
of Family 1, indicating complete digestionof bothalleles. the CORD2 locus are the same and that the CRX muta-
The DNA of affected Family 1 individuals yielded the tions cause CRD.
predicted normal bands, as well as an additional uncut
band predicted by the loss of the HinfI restriction site
in the mutant allele (Figure 6B). Discussion
To assure that the E80A allele is not a polymorphism
or common variant, 320 genomic DNA samples (130 The identification and characterization of transcription
normal individuals, 190 retinal disease patients) were factor genes expressed in the developing eye has con-
assessed either by J35/J34 amplification of exon 2 and tributed remarkably to the understanding of mammalian
SSCP analysis, or by DdeI digestion of J11/J34 PCR eye morphogenesis and differentiation (Cepko et al.,
products (data not shown). The E80A mutation was not 1996; Freund et al., 1996; Oliver and Gruss, 1997). Of
found in 640 chromosomes examined from a predomi- the more than 50 tissue-restricted putative transcription
nantly Caucasian population. Furthermore, since the factor genes known to be expressed in the developing
ethnic background of Family 1 isGreek, 55 DNA samples eye, 19 have been found to be essential (Matsuo et al.,
from individuals of Greek descent were analyzed. The 1995; Acampora et al., 1996; Freund et al., 1996; Semina
E80A allele is unlikely a polymorphism in the Greek pop- et al., 1996; Tomita et al., 1996a, 1996b; Cau et al., 1997;
ulation, since it was absent from 110 control chromo- Furukawa et al., 1997a; Gage and Camper, 1997; Xu et
al., 1997). Based on our findings, this group of genessomes (data not shown).
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must now include CRX. Interestingly, the two homeodo- Distinguishing between these possibilities will require
further experimental analysis.main proteins most similar to CRX, OTX1 and OTX2, are
also both required for normal eye development. Unlike The E168 [D1 bp] mutation leads to a frameshift within
the conserved WSP domain and predicts the synthesisCrx, neither Otx1 nor Otx2 is retina-specific in its eye
expression, and the effects of loss-of-function muta- of a prematurely truncated CRX protein. This mutant
protein is likely to have reduced function. Even if it istions in both genes extend beyond the retina. Homozy-
gous Otx1 mutants have several ocular defects, includ- stable, removal of 44% of the polypeptide from the C
terminus, including the OTX tail, is likely to abrogateing a small iris and absent ciliary process (Acampora et
al., 1996), while Otx2 heterozygotes show loss of the protein±protein interactions critical for transactivation
of CRX target genes. Alternatively, E168 [D1 bp] couldlens and retinal dislocation (Matsuo et al., 1995).
At least three other transcription factor genes active be a dominant negative allele because its intact homeo-
domain may be able to bind target sequences and ob-in development are also essential for the maintenance
of cells in the nervous system, including the mec-3 ho- struct binding of normal CRX protein and other compo-
nents of the transcription complex. In summary, CRDmeobox gene in sensory neurons of Caenorhabditis
elegans (Xue et al., 1993) and the microphthalmia (MITF) patients carrying either a E80A or E168 [D1 bp] CRX
allele are most likely to have an overall reduction of CRXand Hes1 genes in mouse retina. MITF is required to
maintain the attachment of the RPE to the neural retina gene function, but the loss-of-function will be greater
than 50% if these alleles are dominant negatives.(Moore, 1995), and Hes1 is critical for the survival of
differentiated bipolar cells (Tomita et al., 1996a). Our The mechanisms by which the CRX mutations re-
ported here cause the premature death of photorecep-demonstration that mutations in the CRX gene lead to
the degeneration of photoreceptors indicates that CRX tors are unknown. Nevertheless, several lines of evi-
dence indicate that the failure to generate or to maintainis necessary for the maintenance of these retinal neurons.
The E80A and E168 [D1 bp] mutations are most likely normal outer segments (OSs) may be the fundamental
cellular abnormality. Most directly, Furukawa et al.to be loss-of-function alleles. The E80A substitution oc-
curs in the first residue of the recognition helix of the (1997b) have demonstrated that OSs fail to develop in
rat photoreceptors expressing a dominant negative CRXhomeodomain (position 42 of the homeodomain se-
quence Glu42), a position held by a glutamic acid resi- allele. Moreover, the expression of CRX inmature photo-
receptors suggests that the gene is also required fordue in 226 of 346 homeodomains examined (Duboule,
1994). Protein±DNA cocrystal structures of both a the morphogenesis of new disks in the OSs, an important
maintenance function, since the disks turn over at a ratepaired-like homeodomain (Wilson et al., 1995) and an
engrailed homeodomain (Kissinger et al., 1990) have of z10% per day in primates (Young, 1976). Since CRX
binds to a sequence (TAATCC/A) found upstream of atshown that Glu42 forms an electrostatic interaction with
an arginine at position 31 of the homeodomain, and this least four major OS proteins (rhodopsin, interphotore-
ceptor retinoid-binding protein [IRBP], cone opsin, andArg31 directly contacts the sugar phosphate backbone.
Not only are the consensus residues of all homeodomain arrestin) and transactivates the expression of reporter
genes carrying this sequence (Furukawa et al., 1997b),classes at positions 31 and 42 arginine and glutamic
acid, respectively, but Arg31 is invariably coupled with the principal mechanism by which CRX controls OS bio-
genesis and disk renewal may be as a major regulatorGlu42 in paired and paired-like homeodomains. This
relationship suggests that Glu42 has been highly con- of the expression of many, if not all, OS proteins.
The loss of CRX function imposed by the mutationsserved in order to maintain the interaction with Arg31,
which is itself conserved because of its phosphate con- may therefore critically reduce the synthesis of key OS
proteins. The effects of CRX mutations on rhodopsintact. This hypothesis is more likely than the alternative,
that Glu42 is conserved to facilitate protein±protein in- synthesis alone may account for a failure to develop or
maintain OSs. Rhodopsin comprises 90% of the proteinteractions, since the glutamic acid residue is much more
conserved among homeodomains than would be any in the disks of the OSs (Anderson et al., 1978). A signifi-
cant decrease in rhodopsin synthesis could contributeinteracting protein.
Given this structural data, we suggest that E80A is a to photoreceptor pathology in adCRD, since mice with
only a single functional rhodopsin allele exhibit disorga-loss-of-function allele owing to the inability of Ala42 to
form a salt bridge with Arg31, which may prevent proper nization and progressive shortening of the OSs (Hum-
phries et al., 1997). This process, in combination withfolding of the homeodomain or disrupt the Arg31±DNA
phosphate interaction, thus compromising DNA binding the effects of reduction in other OS proteins, may lead
over time to complete loss of OSs and cell death.affinity. It is also possible that the E80A mutation alters
dimer formation, since structural analysis (Wilson et al., Of the other apparent CRX-regulated genes expressed
in rod photoreceptors, decreased expression of arrestin1995) also showed that Glu42 participates in dimer bind-
ing by making two contacts with residues of a second or IRBPmay not, on their own, contribute to the photore-
ceptor degeneration of CRD. Mutations in neither genehomeodomain, both a direct contact with Arg3 and a
water-mediated hydrogen bond with Arg44. Conse- have been found in inherited retinal degeneration, and
mice heterozygous for an IRBP null allele have normalquently, the E80A substitution may also affect dimeriza-
tion. Finally, we cannot exclude the possibility that the photoreceptors (up to 4 months of age)(G. Liou, per-
sonal communication). It will be important to ascertainE80A mutation creates a dominant negative allele: the
E80A protein may be capable of a normal fold and may whether CRX regulates the expression of disk rim pro-
teins, particularly those known to be associated withinteract with some or all of its usual protein partners to
sequester them in an ineffective transcription complex. dominant forms of human retinal degeneration, such as
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using standard methods (Ausubel et al., 1997). The full-length se-the disk rim protein rds/peripherin (Bird, 1995; Dryja
quence was compiled from 7 lgt10 clones and 6 additional clonesand Li, 1995), and the ABCR protein associated with
from a human retinal plasmid library (from B. Soares).Stargardt disease (Allikmets et al., 1997a). Finally, an
alternative site of cellular pathology with CRX loss-of-
RNA Blotsfunction is suggested by the observation that rod termi-
Total RNA from cultured human skin fibroblasts was prepared with
nals failed to form in rat photoreceptors expressing a Trizol (GIBCO/BRL). Poly A1 RNA from adult human retina and the
dominant negative CRX allele (Furukawa et al., 1997b). multiple human tissue RNA blot were obtained from Clontech. RNA
blots were made and probed as described previously (Bascom etThere are several important genetic implications aris-
al., 1995). The CRX 39 probe (Figure 3D) and the b actin probeing from our discovery that mutations in the CRX gene
(Clontech) were labeled with [32P]dCTP (Feinberg and Vogelstein,affect both rod and cone photoreceptors and result in
1983).adCRD. First, this finding suggests that other clinically
distinct inherited retinal degenerations affecting either
CRX Expression Analysis by In Situ Hybridizationcones or rods may also result from alterations in CRX
For RNA analysis by in situ hybridization to histological slides, 7 mm
function. Mutations in another photoreceptor-specific sections of adult human retina were processed and hybridized with
gene, RDS, are associated with a variety of different an antisense CRX in situ riboprobe (Figure 3D) as described (Tessa-
rollo et al., 1992), except for substitution of 35S by 33P. Sections wereclinical phenotypes (RetNet; Bird, 1995). Thus, muta-
photographed with bright field using a Zeiss Axiophot microscope.tions in the CRX gene must be sought in diseases that
Silver grains were visualized by red filtered side illumination.either affect rods and cones, or predominantly affect
rods, such as RP, or principally lead to cone cell dys-
Chromosomal Mapping by In Situ Hybridizationfunction or death.
The CRX 59 probe (Figure 3D) was labeled to a specific activity ofSecond, since CRX is required for the biogenesis of
8.3 3 107 cpm/mg DNA with [3H]-dTTP and [3H]-dATP (NEN) using
the OSs (Furukawa et al., 1997b), it is also a candidate a multiprime DNA labeling system (Amersham, #RPN 1600Y). In situ
gene for diseases with photoreceptor developmental hybridization to BrdU-synchronized peripheral blood lymphocytes
was performed using published methods (Duncan et al., 1994).defects, such as Leber's congenital amaurosis. Patients
Chromosomes were stained with a modified fluorescence, 0.25%with this disorder show little or no photoreceptor func-
Wright's stain procedure (Lin et al., 1985).tion from early infancy (Fulton et al., 1996). Third, CRX
may also be implicated in inherited retinal degenerations
RH and YAC Contig Mappingwith onset late in life. This possibility is illustrated by
The conditions of PCR for all mapping experiments with primersthe example of mutations in the ABCR gene (Allikmets
specific for the 39UTR of CRX (JH1 and JH2)were: initial denaturation
et al., 1997a), which cause both Stargardt's disease, a for 2 min at 948C, annealing for 40 s at 558C, extension for 40 s
macular degeneration, and 16% of cases of age-related at 728C, 35 cycles. RH mapping experiments were carried out in
duplicate. A human specific amplification product of the predictedmacular degeneration (Allikmets et al., 1997b). Thus,
size (160 bp) was observed in positive assays. The Whitehead Insti-any gene in which mutations cause monogenic disease
tute/MIT Center for Genome Research RH server was used to orderinvolving the maculaÐsuch as occurs with CRX muta-
the new STSs relative to framework markers. All YAC protocols havetions in adCRDÐmay also be a candidate gene in which
been described previously (Scherer and Tsui, 1991).
mutations predispose to the development of AMD.
Finally, we suggest that CRX may be a modifier gene
CRX Gene Cloning and Determination
that determines the severity of disease in patients with of the Genomic Structure
inherited retinal degenerations due to mutations in Hybridization of the CRX 39 probe (Figure 3D) to a PAC library (Ioan-
nou et al., 1994) identified four clones, and four genomic phagesgenes that are CRX-regulated, such as rhodopsin. Dif-
were obtained by screening a lDASH (Sau3AI partial digest)ferent wild-type CRX alleles may produce different
human genomic library with the CRX 39 probe using standard meth-amounts of gene product. A patient with a rhodopsin
ods. The genomic structure was determined by PCR amplificationmissense substitution who carries a CRX allele that pro-
of cloned genomic DNA using exon primers (intron 1, J13 and J3;
duces a relatively large amount of CRX protein may intron 2, J6 and J7; denaturation for 1 min at 988C, annealing for 1
consequently synthesize more of the mutant rhodopsin, min at 628C, extension for 2 min at 728C, 30 cycles). The intron-
spanning fragments were subcloned using the TA cloning kit (In-leading to more rapid retinal degeneration.Considerable
vitrogen), then sequenced.variation in the severity of disease expression has been
noted in heterozygotes with the same rhodopsin muta-
CAG Repeat Analysistion, both within and between families (Gal et al., 1997).
The CAG repeat in exon 3 was amplified using primers J33 andThe wide spectrum of disease expression within families
J10 under the following conditions: denaturation for 1 min at 988C,having inherited retinal degenerations makes the search
annealing for 30 s at 648C, extension for 30 s at 728C, 30 cycles.
for a modifier locus of strong interest both clinically and PCR products were directly sequenced or sized on a 6% denaturing
scientifically. polyacrylamide gel.
Experimental Procedures Phenotype of CRD Families 1 and 2
Two families with adCRD were studied: a four-generation pedigree
Sequence Comparisons of Greek origin (Family 1, Figure 3A) and a two-generation family of
The CRX cDNA sequence was compared to sequences in the avail- northern European origin (Family 2, Figure 7A). In both families, the
able public databases using the BLAST network service (Altschul diagnosis of CRD was based on clinical examination and tests of
et al., 1990) at the National Center for Biotechnology Information. retinal function (Yagasaki and Jacobson, 1989; Szylyk et al., 1993;
Evans et al., 1995). Loss of visual acuity and disturbances of color
vision began in the first or second decade of life, and in later lifecDNA Library Screening
A lgt10 human retinal cDNA library (3 3 106 pfu)(from J. Nathans) marked central visual field defects and pigmentary retinopathy de-
veloped.was screened with a 680 bp ApaI fragment of the CHX10 cDNA
Mutations in the CRX Homeobox Gene Cause Cone-Rod Dystrophy
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Linkage Analysis JH1: GATTCTCTCAACCCTAACACCG
JH2: GGGCACGGTGATTCTGACPedigree information, allele frequencies, and genotype data for
Family 1 were processed by means of the LINKSYS data manage-
ment package as described previously (Papaioannou et al., 1997).
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